Turbid surface water was treated using a pilot scale water treatment plant comprising coagulation, flocculation, sedimentation and rapid gravity filtration, using Moringa oleifera seeds/alum as coagulants. Turbidity removal of M. oleifera, alum, and the mixture of both M. oleifera/alum were compared, and results obtained were 7.2, 4.2 and 3.2 NTU, respectively. The turbidity achieved using M. oleifera/alum mixture and alum were less than the required standard of 5 NTU, while M. oleifera/ alum mixture recorded the least turbidity value (3.2 NTU) with removal efficiency of 99%. The natural alkalinity of the water did not vary during the treatment processes. Therefore M. oleifera/alum mixture could be considered as a suitable alternative for partial replacement of alum as coagulant in surface water treatment, which is an added advantage since M. oleifera is a natural product with less or no side effects as compared to alum as a chemical agent.
Introduction
Access to safe drinking water is fundamental in ensuring the well being of mankind. The ability to provide a safe source of water has increased dramatically in the last 100 to 150 years, at least in the developed world. In less developed countries, increasing population, urban migration and environmental strain have increased the necessity for drinking water treatment.
Approaches to the design of water treatment plants in developing countries often involved the conventional processes of water treatment that have been developed and refined in the industrialized world. These processes typically include coagulation and flocculation and often use alum as the coagulant of choice. With aluminum salts, there is always the concern about residuals in the treated water and consequently lead to Alzheimer disease. There is also the problem of reaction of alum with natural alkalinity present in the water leading to a reduction of pH and low efficiency in coagulation in cold water [1] . For many developing *Corresponding author. Email: siyuke@prme.wits.ac.za countries, the cost of importing alum and other required chemicals for conventional water treatment may be restrictively high. Alternative coagulants, preferably natural and locally grown, might offer an economically viable alternative and at the same time will increase the demand for agro industry in Malaysia.
Examples of the use of natural coagulants in drinking water clarification have been recorded throughout human history. Sanskrit writings from India reported that the seeds of the Nirmali tree were used to clarify turbid surface water over 4000 years ago [2] , and in the last century Sudanese women discovered clarifying properties in the seeds from Moringa trees [3] . Research has shown that the seeds from Moringa oleifera, a tree species found pantropically, throughout India, Asia, Sub-Saharan Africa and Latin America, have very active particle destabilization proteins. In Malaysia, it is used in curries, salad oil and for its medicinal purposes. The M. oleifera also known as 'kacang kelor' is usually cultivated in smallholdings and backyard gardens by Indian/Tamil communities.
In fact, surface water turbidity can be reduced as well, if not better than the reduction that would be expected from using conventional treatment chemicals [3] . Additionally, this alternative coagulant has several advantages in comparison to alum. The sludge produced with Moringa coagulation has a much lower sludge volume than conventionally produced sludge, and the sludge is comprised of organic solids free of heavy metals, assuming heavy metals are not present in the raw water. And, finally, because Moringa can be locally grown, harvested, and processed, it has the potential to be very cost effective when compared to imported chemicals.
Study of the effects of physical parameters of rapid and slow mixing rates and times, dosages of coagulant and initial particulate concentration (turbidities) on coagulation of turbid water with M. oleifera [4] as well as laboratory-scale also have been carried out [5] . They used the natural polyelectrolyte to treat waters with turbidities ranging between 23 and 90 NTU, obtained from three surface water sources in Kano, Nigeria. Results of the coagulation studies on low turbidity surface water using M. oleifera showed that its use as a primary coagulant was able to achieve up to 80% turbidity removal. The conjunctive use of Alum and M. oleifera gave rates of floc formation and settling comparable to Alum, in the range of 40-80%, depending on the raw water and the quality of the product water desired. When M. oleifera was used as a coagulant aided with alum as the primary coagulant, the optimum dose of M. oleifera was found to be 10mg/l while alum was 20mg/l. Floc formed settled faster than with alum alone. The residual turbidity was also found to be much lower than that of alum alone. When compared to alum, coagulation with M. oleifera seeds does not require pH control, nor would it be likely to result in corrosion problems in a distribution network.
A laboratory-based study was carried out by a group at Universiti Putra Malaysia [6] to investigate the effects of extracting oil from M. oleifera on its coagulation effectiveness. Turbid water samples were taken from the raw water inlet taps at Sungai Selangor. They found that the water samples with initial turbidity of 451 NTU, shelled-oil-extracted M. oleifera was able to achieve 98% turbidity removal at an optimum dosage of 200 mg/l compared to 96.9% obtained at optimum dosage of 300 mg/l using the shelled-blended. For the low turbidity of 56 NTU, shelled-oil-extracted M. oleifera achieved 87% turbidity removal at 250 mg/l optimum dosage while shelled-blended was able to achieve 81%. The oil extracted from the Moringa kernel was up to 35% per kernel weight
The purpose of this study is hence to examine the quality of the surface water treated by coagulation using 'kacang kelor', and compare them with that of the water treated with alum using a pilot scale water treatment plant.
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Materials and methods
The raw water for all experiments was pumped from a stream at Universiti Putra Malaysia campus, located near the former Engineering Faculty. Table 1 below shows the characteristics of raw water being used in the experiments.
The M. oleifera seeds used in this study were obtained from Nigeria. The seeds were already removed from the pods but the winged seed covers were intact. They were stored at room temperature prior to processing and use. In preparing the M. oleifera stock solution, husk enveloping the seeds were removed manually, good quality seeds were then selected, and the kernel was ground into a fine powder using the milling attachment of a Moulinex domestic food blender. An electro thermal Soxhlet for oil extraction was used to extract the oil from seed powder (25% oil extraction) using hexane as solvent. The powder was weighed and then added to appropriate volume of distilled water. Five grams of M. oleifera cake after the oil extraction was mixed with 200 ml of distilled water and blended for 2 min to extract the active component. The solution was then filtered through a muslin cloth and the filtrate made up to 500 ml to give a stock solution of 5000 mg/l. All filtered solutions of M. oleifera were prepared fresh for use and when required because deterioration sets in after 2 days storage at room temperature [3] . Alum used in the coagulation study as individual and conjuctive used with M. oleifera was aluminum sulphate 18-hydrate [Al 2 (SO 4 
A jar test is the most widely used method for evaluating and optimizing the coagulationflocculation processes. Bibby Stuart Scientific jar test apparatus was used in all coagulation experiments. It was used to determine the effective dosage to be applied in the experimental run. The apparatus allows six beakers, each filled with 300 ml of raw water to be agitated simultaneously. A rapid mix at 100 rpm for 4 min and followed by a slow mix of 25 min at 40 rpm was set for raw water above 100 NTU. For raw water below 100 NTU, a rapid mix at 100 rpm for 4 min and followed by a slow mix of 20 min at 20 rpm was adopted.
The water quality parameters, both raw and treated, were measured using Standard Methods [7] . The parameters analysed were turbidity, pH and alkalinity. Turbidity measurements were conducted using HACH Digital Turbid meter model 2001P. The pH was measured using a HANNA model 8521 pH meter.
The pilot plant was designed and fabricated as a compact system. It consists of a raw water tank, coagulation tank, flocculation chamber with inclined plates to enhance settling, rapid gravity filter, coagulant dosing tank and treated water tank. Figure 1 shows the schematic layout of the plant. The plant was designed to treat 2160 l/d that corresponds to 0.10 l/sec when operating 6 h per day. The study involved continuous operation of the pilot scale model with dosing of alum, M. oleifera seeds and their combination (alum as primary coagulant and Moringa as coagulant aid). The rapid mixing (coagulation process) and slow mixing (flocculation process) were at 125 and 40 rpm, respectively. A total of 18 experimental runs arranged in three series with each comprising six runs were conducted using the pilot scale model with coagulant dosages predetermined from the jar test. M. oleifera was used as primary coagulant in the first series, alum as primary coagulant in the second series, and combination of alum and M. oleifera (alum as primary coagulant and M. oleifera as coagulant aid) in the third series.
The raw water flow rate was controlled by means of a valve and a flow meter. In each run, the primary coagulant solution was added into the coagulation tank (rapid mixing tank) and agitated by a stirrer at the optimum rotational speed of 100 rpm. The water then entered the flocculation tank (slow mixing tank) and agitated at 40 rpm rotational speed. For the combination of alum and M. oleifera experimental runs, the predetermined optimum dosages from the jar tests were applied, with the alum solution being pumped into the coagulation tank, while simultaneously the M. oleifera stock solution pumped into the slow mixing tank. Table  2 shows the optimum dosages of coagulant obtained from the jar tests. The water then passed through the inclined plates for improved settling. Finally the water entered the filtration unit, which prevented particles and flocs from passing through the sand layers. A pipeline connected from the storage tank (filtered water) to the filter and the pump was used to pump filtered water through the filter media for backwash. Backwashing was carried out with heavy flow rate when residual turbidity increased beyond WHO limit of 5 NTU [8] . While the filter was operating, the drain cock (2) was kept open and the backwash valve (3) closed. To backwash, incoming water was shut off and the filtered water stopcock (1) closed. Top cock (2) was opened until the water above the sand has drained. The valve in the backwash pipe was opened and the pump started. Surplus water was allowed to overflow through the top drain cock until the sand was clean. Granular-media filter was back washed at a rate of about 5 l/m 2. s for period of 15-20 min until the residual turbidity had increased beyond WHO Limit of 5 NTU [8] . 
Results and discussion
More often than not, the primary goal of coagulation-flocculation is turbidity removal. The WHO criterion for the residual turbidity in drinking water of 5 NTU [8] was used to provide a basis for assessing treatment performance. In this study the optimum dosage is defined as the minimum dosage required to produce the lowest residual turbidity from a jar test.
Turbidity removals as high as 98% were achieved by the pilot scale water treatment plant. The effect of coagulation on the surface water treatment is shown in Figure 3 for surface waters with three different initial medium turbidities, 74.6, 67.4 and 75.1 NTU. In each case, an optimum dose of 40 mg/l for M. oleifera, 50 mg/l for alum and combination use of M. oleifera and alum in proportion of 20 mg/l M.O + 40 mg/l alum respectively were being used. The final turbidities obtained were low, being less than 5.0 NTU which is the standard for drinking water. For comparison, the usage of M. oleifera as primary coagulant was comparable with chemical coagulant, alum. However, the conjunctive use of both, alum as primary coagulant and M. oleifera as coagulant aid gave a better turbidity removal as compared to each used individually. It was found that the turbidities had reduced to 3.9, 2.5, 3.8 NTU (95%, 96%, 95% turbidity removal) at the first recorded readings. Then the treated water turbidities decreased to 2.9, 1.98 and 1.4 NTU, corresponding to turbidities removal of 96%, 97% and 98% at last readings after 3 h of operation. Surface water with high turbidities 383, 358 and 394 NTU had shown a better result with as high as 99% in removal efficiency, as shown in Figure 3 . Surface water clarification using M. oleifera seeds 217 combination use of M. oleifera and alum in proportion of 20 mg/l M. oleifera + 62 mg/l alum, respectively. The final turbidities obtained were very low, less than 5.0 NTU. High turbidities surface waters gave a better turbidity removal rate. Here it was shown that the initial turbidities had reduced to 3.2, 4.2, 2.18 NTU (99%, 98%, 99% turbidity removal) at first recorded readings. Then the treated water turbidities decreased to 2.8, 2.0 and 1.8 NTU, corresponding to turbidities removal of 97%, 99% and 99% at last readings after a 3 h operation. Turbid surface water coagulated with M. oleifera alone have achieved more than 96% turbidity removal and this observation as in previous studies, which was attributed to M. oleifera being a polyelectrolyte removes turbidity through partial charge neutralization and the electrostatic patch mechanism. Depending on the molecular weight of the polymer, the charge density, and the charge on the particles for high molecular weight polyelectrolyte, such as M. oleifera would remove turbidity through polyelectrolyte patch mechanism because of the short molecular chain [9] . However if the turbidity particles are of the same charges as the polyelectrolyte, only those with high molecular mass will remove the turbidity through interparticles bridging [10] . As the particles in suspension increase and therefore the opportunity increase for partial aggregation (micro particles) and electrostatic patch particle formation (macro particles). This leads to increase in floc formation through interaction of patch particles (macro particles) resulting in increased turbidity removal.
The alkalinity of the initial raw waters were 105, 84 and 92 mg/l CaCO 3 for medium turbid surface waters and 66, 91, 103 mg/l CaCO 3 for high turbid surface waters. The effect of coagulants were tested on water with initial turbidities of 74.6, 67.4 and 75.1 NTU for medium turbid surface waters and 383, 358 and 394 NTU for high turbid surface waters. Figure 4 shows the effect of CaCO 3 on pH changes on the coagulants used for the latter. While it is clear that CaCO 3 changes do influence the pH, in terms of overall removal, however, the changes seen in figure 4 suggest that the pH observed are within the neutral region (6.5-7.4) . This showed that the filtrate turbidities did increase in general as the alkalinity of the water increased. Earlier work had shown that the use of M. oleifera does not cause alteration in pH [12] . Interestingly, figure 4 shows that pH changes for M. oleifera and M. oleifera + alum had optimum pH values of 7.15 at 83 mg CaCO 3 /l and 6.78 at 75 mg CaCO 3 /l alkalinity, respectively. While alum did not show any optimum characteristic curve, thus indicating a linear steep slope relationship between pH and alkalinity. Meanwhile, the minimum turbidity value for alum and M. oleifera + alum are comparable and are both lower than that achieved by M. oleifera alone at 38, 56 and 81 CaCO 3 /l, respectively. Base on these results coupled with the fact that M. oleifera being a natural product with no chemical threats, imply that M. oleifera + alum is a better choice coagulant for surface water turbidity removal. A designed experiment to look at coagulation mechanisms of M. oleifera was done earlier [11] and they found the zeta potential of the particles in a 5% crude-water extract was + 6mV. While the zeta potential of the particles in synthetic water was -46 mV. The authors suggested that either adsorption with charge neutralization or adsorptions with inter particles bridging mechanism are involved in particle destabilization. This difference in results may be due to difference in water characteristics, since that study was conducted on synthetic water, while the present study was carried out on natural surface water. As the filtrate turbidity decreases, there was a substantial decrease in the zeta potential as shown in figure 5 , indicating that charge neutralization phenomena may have occurred [12] . But the zeta potential changes as higher doses of coagulants were used for higher turbidity waters. This suggests that the attraction of the polymer to the surface be based on charge at the low doses but changed to a more general hydrophobic attraction at higher doses. This suggestion is supported by the similar Surface water clarification using M. oleifera seeds 219 curve patterns displayed by alum with M. oleifera + alum, and M. oleifera + alum at medium turbid surface water with M. oleifera at high turbidity water (figure 5). Figure 5 . Effect of pH on zeta potential of Moringa oleifera, alum and M. oleifera + alum (typical initial NTU) in the presence of CaCO3.
Conclusion
M. oleifera has a great potential in water treatment. Advantage observed by introducing the M. oleifera seeds as primary coagulant and coagulant aid has potential for its use in coagulation of turbid surface waters with high removal rates range from 97-99%. The result showed that there was a substantial decrease in the absolute zeta potential, indicating a charge neutralization phenomenon. The coagulation mechanism of M. oleifera seemed to adopt micro-partial charge neutralization and the electrostatic patch mechanism, depending on the initial turbidity of the particles. The oil extracted M. oleifera and filtration process appeared to be effective in reducing the turbidity more than 97%.
